Abstract. Soybean isoflavones have structural similarity to estrogen and have attracted much attention due to their prevention of postmenopausal symptoms. It is critical for women to maintain a high bone mineral density (BMD) prior to menopause to prevent osteoporosis. In the present study, the effect of isoflavone aglycone (IA) supplementation on bone turnover was examined in relation to the estrogen receptor α (ERα) polymorphism. Natural isoflavones are glycosides that must be hydrolyzed to aglycones by intestinal microflora to have an effect. To avoid interference by flora, IA (30 mg/day) (but not isoflavones) or a placebo were administered as a supplement for 3 months to a Japanese population consisting of 81 premenopausal women. Due to variations in the intestinal flora, some but not all subjects were able to further metabolize IA into equol. Differences between equol producers and non-producers were also considered. To estimate BMD, the osteo-sono-assessment index (OSI) was determined by measuring bone density at the calcaneus and levels of bone biochemical markers (bonespecific alkaline phosphatase, α-carboxylated osteocalcin, undercarboxylated osteocalcin and deoxypridinoline) before and after supplementation. DNA samples from the subjects were examined for the presence of the XbaI restriction fragment length polymorphism (RFLP) in intron 1. According to univariate analysis, IA had a favorable effect on the OSI of subjects with the X allele, with X designated RFLP undigested by XbaI, although the difference was not statistically significant. Alterations in the levels of bone biochemical markers were also not significant. Thus, a further logistic regression analysis was performed. This indicated that subjects with the XX homozygote administered the IA supplement were less likely to have reduced OSI values. Although equol has been proposed to have the highest phytoestrogen activity, its effect was not apparent. Thus, low-dose IA supplementation is useful for maintaining BMD in premenopausal XX subjects, independent of equol.
Introduction
Bone mineral density (BMD), one of the most significant predictors of osteoporotic fracture, is influenced by both environmental and genetic factors (1) . Although osteoporosis results in inadequate skeletal strength, predisposing its sufferers to fracture, most osteoporotic patients are diagnosed after the occurrence of fractures since osteoporosis itself lacks specific symptoms. Even if osteoporosis is diagnosed before a fracture occurs, it is difficult to recover BMD in a short period of time. In females, BMD reaches its maximum in adolescence and gradually decreases until menopause, after which it decreases dramatically (2) . Since a reduction in BMD due to menopause is unavoidable, it is critical for females to achieve a maximum level during adolescence and to prevent a reduction in BMD before menopause.
Soy is part of the traditional diet of Asians, and epidemiological data indicate that Asian populations have a lower rate of osteoporotic fractures, cardiovascular diseases, postmenopausal symptoms, and certain types of cancers than Western populations (3) . Soybean isoflavones have a structural similarity to estrogen and act as agonists of estrogen receptors; thus, they are called phytoestrogens. However, isoflavones exist as naturally occurring glycosidic forms (4) and need to be hydrolyzed by intestinal flora to isoflavone aglycones (IA), mainly consisting of genistein and daidzein (5 humans only 30-50% of individuals are capable of producing equol from daidzein (9) . IA and equol are structurally similar to 17β-estradiol and have an affinity to estrogen receptors, thus possessing estrogenic activity. Dietary equol exerts mild estrogenic effects in the pituitary, uterus, mammary glands, liver and fat tissue, but shows limited bone-sparing effects in ovariectomized rats (10) . Estrogen deficiency plays a major role in the pathogenesis of postmenopausal osteoporosis. Estrogen deficiency is characterized by increased bone resorption and a remodeling imbalance (11) . Richard et al (12) found that genistein increases the gene expression of the progesterone receptor, proteoglycan versican and alkaline phosphatase, but inhibits osteopontin gene expression and interleukin-6 production in human fetal osteoblast cells expressing estrogen receptor α (ERα). Three polymorphisms have been reported in the ERα gene, Xbai restriction fragment length polymorphism (RFLP) in intron I, PvuII RFLP in the same intron, and TA-variable number of tandem repeat (TA-vNTR) in the promoter region (13) . The Px haplotype, in which P lacks a PvuII site and x possesses an XbaI site, was found to be significantly associated with low BMD (14) . Recent meta-analysis data suggest that the XX of the ERα polymorphism may be related to high BMD and low fracture risk, while PvuII and TA-vNTR show no relationship to the risk of fracture (13, 15) . XbaI RFLP therefore appears to be important for the maintenance of BMD. However, little is known about the role of this polymorphism in regards to the effect of nutritional IA on BMD.
In the present study, IA (30 mg/day) was administered as a supplement to premenopausal women employed at local hospitals in Japan for 3 months, and alterations in the levels of bone biochemical markers were examined in relation to the XbaI RFLP of ERα.
Subjects and methods

Subjects.
A total of 98 premenopausal women employed at local hospitals in Japan were recruited. All subjects gave their informed consent for participation in the study. The women were divided into two groups and administered an IA supplement (30 mg/day) or a placebo for 3 months. Seventeen women withdrew from the study, as IA triggered a new menstrual cycle or exaggerated menstrual symptoms.
This study was approved by the Medical Ethics committee of Kawasaki Medical School and Kawasaki Medical School Hospital (no. 100).
Bone mineral density measurement. BMD was measured by an ultrasound method to obviate X-ray exposure. The speed of sound and transmission index at the calcaneus were measured, and the osteosono-assessment index (OSI) was calculated by the quantitative ultrasound method (AOS-100, Aloka co., Ltd., Tokyo). OSI was used as the index of BMD.
Biochemical markers of bone turnover. Second-morning urine specimens were collected and blood samples were obtained at the time of QuS measurement. Both serum and urine specimens were stored at -20˚c until measurement. As a bone formation marker, serum α-carboxylated osteocalcin (gla) was measured using the gla EIA kit (Takara, Osaka, Japan). Osteocalcin correlates well with bone formation, but is readily subject to rapid degradation in serum (16) . Not only gla and undercarboxylated osteocalcin (uc-Oc), but also fragments of these in various sizes, coexist in the circulation, therefore different immunoassays yield varying results (17) . In the present study, a kit utilizing an antibody specific to 17gla and its adjacent region was used to isolate gla. Although α-carboxylation preferentially occurs at residues 21 and 24 (18) , 17gla is essential for a ca-dependent conformational transition (19) , indicating that the 17gla-specific antibody recognizes fully active gla. To measure uc-Oc as a resorption marker, a kit using a uc-Oc-specific antibody was utilized. In addition, another formation marker, serum bone-specific alkaline phosphatase (BAP), and another resorption marker, deoxypyridinoline (DPD), were measured in urine by ELISA. DPD values were corrected by creatinine in urine. The menstrual cycle of each subject was not taken into account, as the effects of the menstrual cycle on bone turnover are thought to be minimal (20) . These biochemical markers were assessed as percent changes after supplementation.
Measurement of equol. Serum equol, a metabolite of daidzein, was measured by high performance liquid chromatography according to the method of Hidaka et al (21) . An equol producer was defined as a subject with a serum concentration of equol ≥10 ng/ml.
XbaI RFLP. Blood samples were obtained at the time of examination, and genomic DNA was extracted from leukocytes. Intron I of the ERα gene, where the XbaI digestion site is located, was amplified by polymerase chain reaction (PcR) using a set of primers [forward: cTgccAcccTATcTgTAT cTTTTccTATTcTcc and reverse: TcTTTcTcTgccAcc cTggcgTcgATTATcTgA (22) ]. The obtained products were digested with XbaI. The genotype was designated as x or as X when the product was digested or not digested, respectively. Fig. 1 shows the representative results distinguishing the genotypes xx, xX and XX.
Statistical analysis. The Student's t-test was performed to compare differences in OSI and biochemical markers of bone turnover for each group. Friedman analysis was performed and box and whisker plots were constructed to examine the interaction between XbaI RFLP and IA supplementation. Odds ratios as estimated risk with 95% confidence intervals were calculated by logistic regression analysis using JMP 7.0 (SAS corp.). 
Results
Baseline characteristics of the subjects. Since subjects were randomly allocated to each group, we first confirmed that there were no significant differences in basic characteristics, including mean age, the number of equol producers and the number of subjects with XbaI RFLP, between the IA and placebo groups (Table I) . No statistical difference in OSI was observed. The levels of bone formation markers, BAP and gla, and those of bone resorption markers, DPD and uc-Oc, were not significantly different between each group. Differences in the intake of soybean and other nutrients were not statistically significant among the subjects (data not shown).
Changes in bone biochemical markers. Percent changes in bone biochemical markers from the baseline 3 months after supplementation were compared among the groups. Although no statistical differences were observed, the IA group showed a higher %OSI than the placebo group, due mainly to the effect of IA on the ERα X allele group (Fig. 2) . No marked differences among the groups were observed regarding changes in bone formation markers %BAP and %gla ( Fig. 3A and B), nor were changes in bone resorption markers %DPD and %uc-Oc noted (Fig. 3c and D) . Since univariate analyses were insufficient for clarifying the effect of IA supplementation, logistic regression analysis was further performed as a multivariate analysis.
Risk determinants for the reduction in OSI values using logistic regression analysis.
In the logistic regression analysis, odds ratios for the reduction in OSI values were calculated according to potential risk factors (Table II) . IA supplementa- Odds ratios for the reduction in OSI after supplementation were calculated according to potential risk factors. cI, confidence interval; IA, isoflavone aglycone; BAP, bone-specific alkaline phosphatase; DPD, deoxypridinoline; gla, α-carboxylated osteocalcin; uc-Oc, undercarboxylated osteocalcin.
tion significantly reduced the risk. XbaI RFLP was found to be a risk, but whether or not allele x itself or the xx homozygote was responsible for this risk could not be determined by the analysis. In order to clarify the effect of XbaI RFLP, logistic regression analyses were further performed for each genotype. A favorable effect of IA was statistically significant only in subjects with XX, indicating that the x allele itself was the risk (Table III) . The effect on the alteration of OSI was independent of equol production. None of the formation markers and resorption markers altered OSI.
Discussion
Postmenopausal female subjects who were administered 37.3 mg/day isoflavone for 10 weeks were found to have a lower urinary DPD level than the control group (23) , and those who were treated with 80 mg isoflavone for 1 year showed higher bone mineral contents in the total hip and trochanter (24) . Subjects who received a supplement of 110 mg/day IA for 6 months demonstrated an effective decrease in bone resorption (25) . Thus, IA not only decreases bone resorption markers, but also protects against actual BMD loss. The present study aimed to ascertain whether IA was useful for the maintenance of BMD in premenopausal women. Isoflavone intake is limited to 30 mg/day by the Food Safety commission, Japan (26) ; therefore, in the present study, we administered a dose as low as 30 mg/day of IA alone. The fact that IA supplementation in premenopausal subjects failed to show apparent effects as determined by univariate analyses alone can be attributed to this low administered dose. Nonetheless, 20.5% of subjects in the IA group complained of some symptoms even at this low dose during the short supplementation period. The existence of such symptoms confirms that IA is potent even in premenopausal women.
In the abovementioned research involving postmenopausal women, the relationship between isoflavone intake and estrogen receptor polymorphisms was not taken into account. Our results indicate that subjects with ERα XX were more sensitive to the beneficial effects of IA supplementation. Additionally, even before menopause, IA supplementation seemed to be useful for the maintenance of OSI. On the other hand, the effect of IA supplementation did not differ between equol producers and non-producers. The half-life of equol in the body is significantly longer than that of daidzein or genistein, and equol is reported to be present at high levels in the blood of equol producers (27) . Equol is considered to be the most biologically active phytoestrogen, followed by genistein and daidzein. Equol is capable of improving fracture healing in ovariectomy-induced osoteoporotic bones in mice (28) . The lack of an apparent effect of equol in the present study was probably due to the fact that the low dose of IA was already sufficient to confer a beneficial effect on subjects with XX, or that IA had beneficial effects on BMD besides its action as a phytoestrogen. Hence, further study is necessary in order to clarify the pharmacological difference between equol and IA itself.
In conclusion, IA supplementation was effective for reducing the risk of OSI reduction in premenopausal subjects with the XX homozygote. It seems necessary to explore whether or not the X haplotype itself confers a beneficial effect. Moreover, the importance of this polymorphism should be considered in postmenopausal research. For the calculation of the Odds ratio, refer to Table II legend. IA, isoflavone aglycone; BAP, bone-specific alkaline phosphatase; DPD, deoxypridinoline; gla, α-carboxylated osteocalcin; uc-Oc, undercarboxylated osteocalcin.
